Objectives: This study evaluated the degree and rate of implant stability development for photofunctionalized dental implants in humans. Materials and Methods: Thirty-three implants (seven patients) placed in the maxilla and immediate loaded were evaluated.
implants should be kept unloaded until after the dip has passed, which limits the application of immediate and early loading.
Thus, an important question is whether photofunctionalization is effective in obtaining similar results in humans compared with animal studies and thereby providing clinical advantages or therapeutic significance. In particular, we hypothesized that photofunctionalization may affect the commonly understood time course of a change in implant stability because of its capability to expedite and enhance osseointegration as demonstrated in animal studies. This is a perspective cohort study to evaluate the change in stability of photofunctionalized dental implants placed in the edentulous maxilla and immediately loaded during their early healing time up to 3 months.
MATERIALS AND METHODS

Patients
Among the patients who visited Lion Implant Center during November 2011 and March 2012 for implant therapy and who provided consent for documentation and public presentation of their cases, seven male patients were selected consecutively for this study. Patients were included if they were at least 20 years old, if they complied with oral health care instructions and necessary visits, and if they showed indications for immediate loading in the edentulous maxilla. Patients with systemic or behavioral conditions that could potentially affect bone and soft tissue healing, such as osteoporosis, diabetes, radiation treatment, bruxism, or smoking, were excluded. In total, 33 implants were placed in the seven patients. The patient and implant information is provided in Table 1 .
Surgical procedure and photofunctionalization of dental implants
Standardized consultation and diagnostic procedures were provided to all patients and a treatment plan was presented and approved by the patients. Following the routine procedures of local anesthesia and full-thickness flap reflection, implants were placed following the standard surgical procedure recommended by the manufacturer and described in-depth elsewhere 38, 39 . Four to six implants were placed per edentulous maxilla. The implant neck was positioned at bone level.
Multiunit straight abutments, or 17° or 30° angulated abutments were used as appropriate to correct the fixture inclination. The soft tissues were readapted and sutured.
Implants used in this study had a tapered root form and identical surface microscale morphology by oxidation (TiUnite, NobelReplace Tapered Groovy RP, Nobel Biocare, Yorba Linda, CA). The dimensions of the implants are presented in Table 1 . All implants were photofunctionalized by treating with UV light for 15 min using a photo device (TheraBeam® Affiny, Ushio Inc, Tokyo, Japan) at the chair side immediately before implantation ( Fig. 2A) . The photofunctionalizationinduced change in surface property from hydrophobic to superhydrophilic (defined as a contact angle of water less than 5°) was confirmed prior to patient visits by examining several implants for their wettability to double-distilled water (Fig. 2B ). These tested implants were from a separate group of the same type of implants and not used for the patients. Further, photofunctionalized surfaces were confirmed by watching the patient's blood spiral up the implant immediately after it was in contact with the drilled site, as typically seen in Fig. 2C . Bone quality was categorized as type 1, 2, 3, or 4 during the surgery following the criteria proposed by Lekholm and Zarb 40 .
Immediate provisional restoration
Full-arch acrylic resin temporary prostheses were placed on the same day. The prostheses were fabricated following the manufacturer's instructions and as described elsewhere 38,39 using autopolymerizing resin (Unifast II, GC, Tokyo, Japan) and temporary abutments (Nobel Biocare) in the in-house laboratory. Anterior occlusal contacts and canine guidance during lateral movements were preferably established on the provisional prostheses. No cantilevers contact was given on the provisional prostheses.
Implant stability measurement and osseointegration speed index (OSI)
Implant stability was evaluated by measuring the ISQ at implant placement (ISQi) and during the healing period with a one-week interval up to 11 weeks using Osstell ISQ (Osstell AB, Göteborg, Sweden). Furthermore, the rate of establishing implant stability was evaluated by the osseointegration speed index (OSI) defined as an ISQ increase per month, i.e., [(ISQ at week 6) − (ISQi)]/1.5.
Statistical analysis
The effect of healing time on ISQ values was evaluated by analysis of variance (ANOVA); p < 0.05 indicated statistical significance. When the effect was significant, further post-hoc analysis of
Bonferroni was performed to compare the ISQ at placement (ISQi) with the ISQ at each of the subsequent time points. The ISQ values were compared among implants with different lengths using ANOVA. Further, the effect of different bone types where implants were placed was evaluated.
RESULTS
Implant dimensions and bone type
The diameter of all implants used in this study was 4.3 mm, whereas their length varied; 13 mm implants were used most often (Table 1) . A majority of implants (57.6%) were placed in the type 2 bone, while 24.2% and 18.2% implants were placed in the type 1 and type 3 bone, respectively.
There was no type 4 bone because the cases included in the study were selected for immediate loading.
Change in implant stability
To visualize the overall trend of change in implant stability, ISQ values at implant placement (ISQi) and week 6 were individually plotted (Fig. 3) . The ISQi varied widely from 65 to 85, whereas the ISQ values at week 6 were converged to the higher level. There was a variation in ISQ fluctuation between the time of implant placement and week 6, either an increase, no change, or a decrease, for implants with ISQi that were 77 or higher. In contrast, all implants with ISQi that were 75 or lower showed an increase at week 6. There was a clear trend that the lower the ISQi, the greater the subsequent ISQ increase. As a result, the ISQ values at week 6 were all 75 or higher.
Next, the implants were divided into three groups depending on the range of their ISQi ("ISQi 65-70," "ISQi 71-75," and "ISQi ≥ 76"), and the ISQ values starting from the implant placement up to 11th week were plotted in a line graph for each group (Fig. 4) . When the ISQi values was 65-70, the ISQ line graph showed a rapid and continuous increase up to week 6, followed by the plateau at the increased level (Fig. 4A ). ANOVA showed a statistically significant effect of healing time 
Osseointegration speed index (OSI)
For each of the "ISQi 65-70," "ISQi 71-75," and "ISQi ≥ 76" groups, change in implant stability between the implant placement and week 6 was tallied in Table 2 . A statistically significant ISQ increase was seen in "ISQi 65-70" and "ISQi 71-75" groups but not in "ISQi ≥ 76" group. For the significant ISQ changes found, the OSI defined as the ISQ increase per month was calculated ( Table 2 ). The OSI in "ISQi 65-70" group was 6.3 ± 0.9 and approximately 2 times higher than that in "ISQi 71-75" group. The OSI for "ISQi 71-75" group was 3.1 ± 1.2.
Effect of bone type and implant length
To find potential specificity or exclusivity of the effect of photofunctionalization, ISQ values were analyzed in different bone types. At implant placement, ISQi significantly varied with bone type (Table 3 ). The ISQ values were significantly lower for the type 2 and 3 groups than for the type 1 group. The inter-bone type difference became insignificant at week 6, indicating that photofunctionalization was effective in increasing the stability of implants with lower initial ISQ in the type 2 and 3 groups. Next, ISQ values were analyzed depending on the implant length (Table 4 ). The ISQi was not different between "≤11.5 mm" and "≥ 13 mm" groups. Although ISQ increased in both groups at week 6, there was no difference between the two groups, indicating the even effect of photofunctionalization regardless of the implant length.
DISCUSSION
By using ISQ values, this study quantitatively evaluated the level, change, and rate of osseointegration of photofunctionalized dental implants under the immediate loading condition.
One of the hypotheses we tested was whether clinical effects of photofunctionalization similar to those found in animal studies can be obtained in humans. As mentioned in the Introduction, a series of animal studies demonstrated the accelerated and enhanced capability of osseointegration by photofunctionalization. To compare the osseointegration capability of photofunctionalized dental implants with one of the untreated conventional implants, we defined and calculated the OSI. The proposed OSI value represents a rate of developing implant stability standardized by healing time, providing more precise and reasonable information rather than the use of an ISQ per se at a certain time point or an ISQ increase during undefined period of time, and more importantly, allowing for a comparison among different sources of data. higher than 65 in the present study, we focused on the publications dealing with initial ISQ values higher than around 60 and at the same time, with data availability at least two time points. The following were the three major findings (Table 5) ; (1) The ISQ values are known to increase when the initial ISQ is lower than 60, whereas ISQ values mostly stay unchanged or decrease when the initial ISQ is higher than 60 19, 21, 26, 35, 47 . This common understanding can be reaffirmed from the data in literature listed in Table 5 showing OSI of lower than 1.0. or even in the negative range below 0. In this regard, the OSI of 6.3 when the initial ISQ was 65-70 and the OSI of 3.1 even when the initial ISQ was 71-75 obtained in the present study should be considered remarkable. In fact, the calculated OSI for all untreated conventional implants in Table 5 Table 2 and Fig. 4C , implants with very high initial ISQs (higher than 78) did not experience a stability dip or significant decrease during the healing period, providing the compelling evidence to support immediate loading. Together with the rapid ISQ increase observed in the implants with lower initial ISQ, the present results will help explore a new strategy for early or immediate loading protocols. On the basis of the present results on ISQ dynamics combined with the common understanding on how the stability dip appears, we propose a mechanism underlying the disappearance of the stability dip by the use of photofunctionalized implants (Fig. 5 ). There are two scenarios to explain the phenomenon of stability dip, depending on the level of primary stability. The notions applied to construct the mechanism were as follows:
1) OSI for photofunctionalized implants was considerably higher than untreated implants reported in literature, which led to a rapid and steep secondary stability curve slope during the early healing period; 2) regardless of the use of photofunctionalization, implants with lower initial ISQ values tend to show higher OSI as understood commonly; 3) in the present study, an OSI with an initial ISQ of 65-70 was, in fact, two times greater than an OSI with an initial ISQ of 71-75; 4) not only the rate of implant stability but also the final level was increased by photofunctionalization, which
indicates that the level of secondary stability could be higher with photofunctionalized implants than conventional implants; and 5) the rate of losing primary stability is assumed to be the same with or without photofunctionalization. In the illustrations (Fig. 5A, C) , high-level and low-level stability dips unavoidably take place in untreated conventional implants because of the quicker loss of primary stability than the development of secondary stability. The rate of secondary stability establishment, which is faster in Fig. 5C than in Fig. 5A , as indicated by "a'> a ", is unlikely to help eliminate the stability dip. In contrast, because of the early shift of the secondary stability curve, as indicated by "b > a ", the stability dip is effectively eliminated in photofunctionalized implants (Fig. 5B) . The increased level of total stability by the increased degree of secondary stability should not be overlooked. In addition, because of further increased rate in the secondary stability, as indicated by "y = 2bx", the stability dip can be avoided even when the primary stability was low (Fig. 5D) . We believe that the proposed schemes will help understand how the overall anchorage of photofunctionalized implants is uniquely established and provide a novel platform to build a new strategy for future clinical protocols and the development of implant surfaces.
Although the interpretation should be limited to the results obtained during the initial period of osseointegration of up to 3 months, the quantitative analysis of implant stability by the consecutive measurement of ISQ values in a cohort design may have provided an invaluable data set to demonstrate the expedited and enhanced process of osseointegration in photofunctionalized dental implants and warrants further clinical studies to establish photofunctionalization as an effective measure to improve the current implant dentistry in multiple aspects. Photofunctionalization is a simple, practical, chair-side treatment of dental implants that requires only 15 min and has proven effective on all surface topographies of titanium-based materials tested, implying the versatile applicability in a wide range of dental and orthopedic implants 9, [48] [49] [50] . If future surface technologies are anticipated to expand the indications of implant therapy, shorten the healing time, increase the success rate for compromised bone conditions, and explore minimally invasive approaches, photofunctionalization as presented here may provide a novel insight and a practical avenue to pursue those goals. Lastly, the application of photofunctionalization should not be restricted to use in dental implants. Orthopedic implants face many, long-unsolved challenges.
Photofunctionalization can be applied regardless of the shape and size of implants. Various orthopedic implants, including but not limited to spine screws, femoral stem, knee joint implants, plates, and pins, can potentially be enhanced for their osteoconduction.
Conclusions
This study reports a quantitative evaluation of the effect of photofunctionalization on clinical performance, specifically osseointegration capability, of dental implants conclusion, photofunctionalization resulted in the acceleration and enhancement of osseointegration in commercial dental implants. As a result, the rate of establishing implant stability was substantially increased when initial stability was relatively low. When the initial stability was relatively high, the ISQ was maintained at a high value, eliminating the commonly accepted phenomenon of the stability dip. In both instances, the level of stability that implants may experience was considerably increased. These results imply that photofunctionalization may provide a novel and practical possibility to further advance implant therapy for its expanded indications, shortened healing time, improved predictability in challenging cases, and the exploration of minimally invasive approaches during the treatment. shows an merging gap, which is called the stability dip. The stability dip is considered unavoidable in current dental implants because the rate of losing primary stability is faster than the development of secondary stability. description. The stability dip is eliminated by the use of photofunctionalization, regardless of the degree of primary stability, because of faster and even faster (when the primary stability is low) development of secondary stability. Note that photofunctionalization did not only expedite the rate of establishing the total stability but also increased the degree of the total stability. Refer to the main text for detailed explanation. Table 1 .
LEGENDS TO TABLES
All 33 photofunctionalized implants were placed in the maxilla and immediately loaded in this study. All implants were 4.3 mm in diameter, and most often used length was 13 mm.
Approximately 60% implants were placed in the type 2 bone. Table 2 .
When the initial ISQ was 75 or lower, there found a significant increase in the subsequent ISQ value at week 6. The OSI values, defined as the ISQ increase divided by healing time of 1.5 month (6 weeks), allowed for evaluating a standardized rate of establishing implant stability. Implants with an initial ISQ of 76 or greater maintained a high ISQ at week 6 without showing significant change. Table 3 .
The ISQ values in type 2 and 3 groups increased between the placement and week 6, indicating that photofunctionalization is particularly effective in enhancing osseointegration in weak bone types. As a result, there was no significant difference in ISQ values among the three groups at week 6. Table 4 .
There were no significant difference between the two groups at week 6 of healing, indicating that photofunctionalization was effective in increasing ISQ values regardless of the implant length. Table 5 .
The OSI values for photofunctionalized implants are considerably higher than those from literature.
In addition, the ISQ values achievable at week 6 of healing (1.5-month healing) in photofunctionalized implants are higher than those in any untreated implants even after longer healing time. #3 Some data were obtained at loading, while some at pre-scheduled follow-up time points.
ISQi: Initial ISQ at implant placement
